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ABSTRACT

In an effort to determine an optimum method for ranking the fracture toughness
of developmental aluminum alloys over a wide range of fracture toughness/strength
combinations, five labs performed K and/or J based fracture tests on aluminum alloy
2024-T3. Two material thicknesses were examined: 0.063 in. and 0.125 in. Middle
crack tension and compact tension specimens were excised from 60 in. wide middle
crack tension panels which had been previously tested at Boeing. The crack
resistance curves generated were compared to the R-curves from 60 in. wide
specimens. The experimental program indicated that effective stress intensity from
secant compliance based crack length and stress intensity calculated from J-integral
testing were equivalent. In addition, comparison of different specimen sizes and
configurations indicated that standard validity requirements for compact tension
specimens may be overly restrictive.

NOMENCLATURE
a, initial crack length, in.
a,, effective crack length, in.
a,,, physical crack length, in.
B specimen thickness, in.
b, initial uncracked ligament, in.
b, final uncracked ligament, in.
E Young’s modulus, Msi.

Jie critical J-integral value for crack initiation, Ibf/in. -

K apparent stress intensity at failure. Calculated at the maximum load in an
R-curve test using the initial crack length, ksiVin.



critical stress intensity, calculated at the maximum load in an r-curve test, using
the effective crack length, ksivVin.

K., effective stress intensity calculated using a, ksiV/in.
Kic critical, plane strain, stress intensity value for crack initiation, ksiviin.
K, stress intensity calculated from applied J, ksiv/in.
P load, Ibf.
W specimen width, in.
(1] load-line displacement, in.
net-section stress, ksi.
yield strength, ksi.
INTRODUCTION

For the last 4 years a significant effort in aluminum alloy development for
application on subsonic and supersonic commercial transport aircraft has been
supported by NASA. Key property goals for alloy development include substantial
improvements over present state of the art alloys in strength, and fracture toughness
as measured by K (critical stress intensity) or K,,, (apparent stress intensity at
failure.) K¢ and K,,, are measures of plane stress fracture toughness appropriate for
material in sheet product form. Retention of the improved properties after long term
exposure at elevated temperatures is an important consideration for application on
supersonic transport aircraft.

Candidate aluminum alloys have been produced by several materials manufac-
turers. These same alloys have been characterized by the materials manufacturers,
airframe manufacturers and by researchers at NASA Langley Research Center and the
University of Virginia, but not all of the alloys have been characterized by all of the
labs. For many properties of interest, e.g. yield and ultimate tensile strengths, this
does not lead to any ambiguity when the candidate alloys are compared. When
fracture toughness is the property of interest, lab to lab variations in test methods
lead to difficulty in making comparisons between alloys.

Airframe manufacturers, who will ultimately be responsible for incorporating
new alloys into aerostructures, have traditionally used K. orK,,, as fracture toughness
design parameters. There are no standard methods for measurement of these
parameters; but valid K¢ and K,,, numbers can in general only be obtained by testing
of wide, center cracked panels (middle crack tension specimens). For medium



strength, high toughness materials like 2024-T3, panel widths of 60 inches or greater
may be required.

For the purposes of the NASA sponsored alloy development program, fracture
toughness test and analysis method which accurately rank the toughness of the
candidate alloys on a relative basis are required. The airframe manufacturers would
like to have the relative ranking of the alloys based on wide panel test data. This type
of data would provide what the airframe manufacturers perceive as an absolute
ranking of the developmental alloys versus the alloys with which they are already
familiar. Unfortunately, wide panel testing of developmental alloys is not practical for
several reasons. First, the candidate alloys are not all being produced in full size
ingots: in some cases, maximum sheet width is less than 24 in. and total material
quantities are limited. Second, because thermal stability is a requirement for some of
the candidate alloys, testing of wide panel specimens would require the use of large
ovens for potentially very long times in order to perform fracture tests on exposed
material. Third, the capability for performing wide panel tests is not available at all
of the labs participating in the alloy development program.

The airframe manufacturers desired method for ranking fracture toughness, and
the limitations imposed by an alloys development program are at odds. The objective
of the 2024-T3 fracture toughness round robin program is to circumvent the limits
imposed by the nature of the alloy development program by providing a small
specimen fracture toughness test method which can be accurately related to material
performance in a wide panel fracture test. This goal can be attained only by the
parallel development of an appropriate test technique and an analytical method which
will relate the test results to wide panel data. The remainder of this report is devoted
to a review of the experimental portion of the round robin program.

EXPERIMENTAL

Five labs participated in the experimental portion of the round robin program:
ALCOA, Boeing, Fracture Technology Associates (FA), NASA LaRC, and the
University of Virginia (UVA). The Boeing tests were contracted to Fatigue Technology
Incorporated (FTI). Material for testing was provided by Boeing. Alloy 2024-T3 sheet
in 0.063 in. and 0.125 in. gages was distributed to all of the participating labs. The
material was cut from 60 in. wide middle crack tension panels which had previously
been tested at Boeing. The decision to use this material was based on two factors:
1)availability and, 2) a direct comparison between small coupon results and wide
panel results from identical material could be made. Specimen types were either
middle crack tension, MT, or compact tension, CT, with size left up to individual labs.
The test specimen configurations are illustrated in figure 1. All tests were to be
performed in accordance with ASTM standards E-561 or E-1152. Information
regarding J and K solutions for compact and middle crack tension specimens maybe
found in the referenced ASTM standards. If tests were performed in accordance with
E-561, physical crack length measurements were required so that the data could be
subjected to a J integral analysis. Some labs did not comply with the requirement for



physical crack length measurement. All of the data were analyzed using the K-R
methodology with secant compliance crack length (a,,). The data sets which included
sufficient physical crack length measurements were also analyzed using the J-integral
method.

The experimental programs undertaken at each lab are detailed in table 1. In the
table, specimen size refers to the width of MT and CT specimens, gages refers to
material thicknesses tested, and Aa is the crack extension measurement method.

TABLE 1. Details of Laboratory Experimental Efforts

Lab Specimen Gages 8phye Aa
Type/Size measured?
ALCOA MT, 6.3 in. 0.063 in. no secant
0.125 in.
FTA MT, 12 in. 0.063 in. yes DCPD,
CT, 2 in. 0.125 in. unloading
compliance
FTI MT, 9 in. 0.063 in. no secant
0.125 in.
NASA LaRC CT, 2in., 0.063 in. yes unloading
CT, 4in. 0.125 in. compliance
UVA CT, 3in. 0.125 in. yes DCPD

RESULTS AND DISCUSSION

In the following sections, stress intensity has been calculated by two methods.
The secant analysis stress intensity, K-effective or K., is determined by the
instantaneous load and an effective crack length, a,4. The effective crack length is
determined by the secant compliance from the load-displacement curve (ASTM
standard E-561). Stress intensity, K, calculated from J (K, hereafter) is determined
by the following equation®:
K, =(JxE)* (1)
The calculation of J is from ASTM standard E-1152 and requires measurement of the
physical crack length, a,, .. Physical crack length may be measured by any of several
methods including unloading compliance, direct current potential drop (DCPD), or
visual measurement with a traveling microscope. '
Figure 2 illustrates some of the terminology used in this report. The secant and
elastic unloading compliances are used to determine the effective and physical crack



lengths respectively. Secant compliance and hence, a,,, may be determined after test
completion directly from the load displacement record. Elastic unloading compliance,
on the other hand, must be determined at points on the load displacement curve as
the curve is generated during the test. Stress intensity and compliance solutions for
MT and CT specimens are detailed in the attached appendix.

Wide Panel Tests

The wide panel test results were provided to NASA LaRC by Boeing in the form
of load displacement curves and visually measured physical crack lengths. K;,-R and
secant compliance based K,-R curves were generated from the load-displacement (P-
S) curves and the physical crack length data. The K,-R curves and the KR curves
are shown in figures 3a and b respectively. Both analyses methods indicate that the
crack growth resistance is greater in the 0.125 inch thick material than in the 0.063
inch thick material. This observed behavior may result from comparatively more
buckling in the thinner panel reducing the load carrying capability of the panel, a
hypothesis which is supported by the raw data load-displacement curves: Unloads
on the B=0.063 in. P-§ curve show larger hysteresis loops than those on the
B=0.125 in. P-§ curve. Figures 4a and b show K,, and K, plotted against the
corresponding physical crack extension, Aa,, .. The figures indicate that both analysis
methods yield essentially identical results. The same result is observed if K_,; and K,
are plotted against the effective crack extension, Aa,,. Elastic stress intensity with
no plasticity correction is also plotted for comparison. As expected, uncorrected
elastic stress intensity significantly underestimates the crack driving force."

Middle Crack Tension (MT) Tests

Figures 5a and 5b show MT panel test data (K, vs. Aa,,) for 0.125 in. and
0.063 in. thick material respectively. Figure 5a indicates that 6.3 in., 9 in., and 12
in. wide panels give similar results at Aa,, up to approximately 1.2 inches; this is
beyond the range of validity for all of the specimens. The stress intensity at
maximum load, K., increases with increasing panel size. Figure 5b, 0.063 in. thick
material, shows that the 6.3 in. and 12 in. wide MT panels provide similar results but
the 9 in. panel data is different. In general, the data indicate good inter-laboratory
reproducibility for K-R curves determined by the method of E-561, an exception being
the 9 in. wide, 0.063 in. thick specimen.

Figure 6 compares the K, vs. Aa,, R-curves for 6.3 in. and 12 in. wide MT
specimens of 0.063 in. and 0.125 in. thick material. As was shown in figures 5a and
5b, the panel widths do not affect the R curve except at very large effective crack
extension. At large crack extensions, the 6.3 in. R-curves bend sharply upward
indicating full ligament plasticity. The data in figure 6 indicate higher R-curves for the
0.125 in. thick 2024-T3 than for the 0.063 in. thick material.

Figure 7 compares K, vs. Aa,,,, R-curves for 0.125 in. and 0.063 in. thick, 12
in. wide MT panels. When the data are presented in this manner, the difference



between the 0.125 in. and 0.063 in. thick material is reduced to an insignificant
amount. Figure 8 compares the two analysis methods, K, and K, for the 12 in. MT
specimen with B=0.125 in. Stress intensities are plotted against Aa,,,.. As in figure
4b, it is shown that these two analyses provide equivalent results. Figure 9 is the
same as figure 8 except that the results are for 0.063 in. thick material. The results
presented in figures 6-9, indicate that in the absence of observable buckling, the
0.063 in. and 0.125 in. thick 2024-T3 exhibitidentical R-curves when stress intensity
is plotted as a function of Aa,,,.. When stress intensity is plotted as a function of
Aa,y, the R-curves show some slight but consistent degree of separation, with the
thicker material having the higher R_curve.

Compact Tension (CT) Tests

Figure 10 shows R-curves for W=2 in., 3 in., and 4 in.,, B=0.125 in., CT
specimens tested at three different labs with a,/W ranging from 0.575 to 0.7. The
data are plotted as K, against Aa,,. The R-curves for all of the specimens are very
similar. This figure also points out one of the advantages of the advantages of the
secant method as compare to methods which require measurement of physical crack
length: The data for the W =4 in. compact tension specimen, which could not be
analyzed by E-1152 methodology because of inaccurate crack length measurement,
was analyzed by the secant method (E-561) and the results were consistent with
other test data.

Figure 11 shows K, vs. Aa, , for 2 in. and 3 in. W CT specimens with
B=0.063 in. and 0.125 in. All of the R-curves are similar, with the greatest spread
between the 0.063 in. thick specimen test results. Figure 12 again shows the
equivalence between K, and K, thistimein W=2in.,B=0.063 in.and 0.125in. CT
specimens. This figure also indicates that there is very little difference in the R-curve
behavior of the two thicknesses of 2024-T3 in this specimen configuration. Figure
13 shows the same stress intensity data crack extension. Plotted in this way, the
data for the 0.063 in. and 0.125 in. thick material converge at much higher crack
extensions.

Comparison Between Specimen Types

Figure 14 shows K, against Aa,, R-curves foraW=2 in. CTandaW=12in.
MT, both at B=0.063 in. The correspondence between the two curves is not very
good. Figure 15 is a similar plot for 0.125 in. thick specimens. The R-curves in figure
15 exhibit less separation than those in figure 14. Figures 16 and 17 are identical to
figures 14 and 15 except that the plotted stress intensities are calculated from J and
they are plotted as a function of physical crack extension. In figures 16 and 17 one
can see that the correspondence between the W=2 in. CT and W=12 in. MT R-
curves is quite good. The MT curves are somewhat ragged because, at low crack
length, MT specimens are very stiff and clip gages with high sensitivity (and therefore
high noise levels) are required to measure crack length. Figures 14-17 indicate that



better data correspondence between specimen types is obtained by plotting either K,
or K, against physical crack extension compared to a plot of stress intensity against
effective crack extension.

Comparison Between Wide Panels and Small Specimens

The best comparisons between small specimens and the wide panel test results
are made with the MT specimens. This is because larger crack extensions are
measured in the MT specimens, allowing comparison over a greater portion of the R-
curve than is possible with the CT specimens. Because all of the MT test results were
similar (with the exception of the W=9 in., B=0.063 in. specimen), only the 12 in.
wide MT panels will be used for comparison. These were also the only MT specimens
for which adequate Aa,,,, data for J analyses were obtained.

Figure 18 illustrates the excellent correspondence between the B=0.063 in.,
12 in. wide MT panel and 60 in. wide panel, K; vs. Aa_,  R-curves. In figure 19, the
results from the same tests are plotted as K., against Aa,, and the correspondence
is not as good; the 12 in. MT data is significantly below that of the 60 in. wide panel.

The comparison between 12 in. and 60 in. wide panels of 0.125 in. thick
material is somewhat different. figure 20 is the same as figure 18 except that the
data is for 0.125 in. thick material. The R-curves for the W=12 in. and W=60 in.
panels are parallel but, the 12 in. wide panel data has a nearly constant negative
offset of several ksiVin from the wide panel data. The reason for this offset is not
apparent. Figure 21 shows K, against Aa,, for the 12 in. wide panel and the 60 in.
wide panel. In this plot, the comparison between the 12 in. wide panel and the 60
in. wide panel appears to be quite good after the first 0.6 inches of effective crack
extension. As was shown previously in figures 4b and 8, the K, and K, at any given
Aa,,, or Aa,, are nearly the same for either the 60 inch wide panel or the 12 inch
wide panel. This suggests the possibility of a slight error in the measurement of the
physical crack extension of the 60 in. wide panel. An offset of several hundredths
of inches (in a total crack length of greater than 8.8 inches) is all that would be
required to cause the observed separation between the two curves in figure 19.

Crack Length Measurement: Unloading Compliance and DCPD

Direct current potential drop and unloading compliance techniques give nearly
identical crack length results. This is illustrated in figure 22, where K;,-R curves
determined by DCPD and unloading compliance on the same specimen are compared.
There may be some advantage to using DCPD on stiff specimens such as MT’s which
provide low sensitivity for compliance measurements. When specimen stiffness is
high (compliance is low), the signal to noise ratio of the clip gage output will be low.
This situation, which can be observed in figure 16, results in some uncertainty in
crack length measurement and a generally "ragged" appearance to the R-curve at low
crack extensions.



Specimen Validity Limits

All of the MT and CT specimens are beyond their limits of validity before
maximum load is attained therefore; any calculated K; or K, , values will be invalid.
All of the CT specimens are invalid, based on E-561, at low stress intensity, typically
< 41 ksivin. The validity criterion for CT specimen data is:

b= (4/mx(K/o,,)? (2)
Where b is the un-cracked ligament and o,, is the 0.2% offset yield strength. Figure
23 shows the regions of valid and invalid data for a W=2 in. CT specimen. Plotted
in figure 24 are the CT data from figure 23 and valid and invalid data from a 12 in.
wide MT specimen. Figure 24 shows that there is good correspondence between the
invalid CT data and the valid MT data well beyond the region of CT specimen validity,
indicating the restrictions on validity of CT specimen data may be too severe.

For the MT specimen, ASTM standard E-561 specifies a validity criterion of net
section stress, based on physical crack length, < o,,. An alternative criterion for data
validity, used by one of the program participants is net section stress < 0.80,, based
on effective crack length. An example of the restrictiveness of this validity criteria is
shown in figure 25. In figure 25, the open circles represent the valid data based on
net section stress less than 80% of the yield stress and net section calculated based
on a., if the net section stress is based on a,,, then the filled circles are also valid
data. If the ASTM criterion of net section stress greater than 100% of the yield
stress is used, then even more data can be considered valid. Based on the a,
criterion, net section stresses in the un-cracked ligament of a 6.3 in. wide MT
specimen were calculated to be as high as 150 ksi. Of course, calculation of o,,,
based on physical crack length requires measurement of physical crack length.

CONCLUDING REMARKS

Several notable observations may be made as a result of analysis of the R-curve
data generated in the course of this program:
1. There is an excellent correlation between K, and K, 4. This correlation casts some
doubt on the necessity for complicated J calculation and test procedures when
producing R-curves for 2024-T3. For higher strength or lower toughness alloys, J
based analysis will be less useful than for 2024-T3.

2. Secant analysis R-curve testing is very simple to perform and appears to give good
data; however, there are good reasons for J-based testing and in particular for
physical crack length measurement.

a. Data indicate that better correlation between specimen types is obtained
when K, or K, are plotted against Aa,, . rather than Aa,, (see figures 14-17).

b. Net section stresses in MT tests should be based on true net sections in
order to make reasonable assessments of ligament plasticity; therefore, physical crack
length measurements should be performed.



c. Careful application of ASTM standard E-1152 allows estimation of J,. hence
Kic from R-curve tests.

3. The useful range of CT derived R-curve data appears to extend well beyond the
validity limits set in E-561. Careful comparison between invalid CT specimen and
valid MT specimen data from several different alloys should show whether this is a
general concurrence.
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APPENDIX

Stress Intensity Solutions

1. Compact Tension (CT) Specimens:
P a
K= —— —
(BW”')*f( W)

b2 e
f(%)=( aW [0.866+4.64(—‘:—])—13.32(%) +14.72(L;) —5.6(%}
1-28
W

(NI

2. Middle Crack Tension (MT) Specimens:

Kz( Bnp;"')*f(%)
f(-pév_)=\J—4—75%se—c%’ [1—0.025(%)2+o.06(%)4]

10



Compliance Solutions

1. Compact Tension (CT) Specimens:

-‘:—7=1 .00196-4.06319U+11.242U%-106.0430U%+464.3350U%-650.677U°

2. Middle Crack Tension (MT) Specimens:

2a _

where:

0.01919+4.45932U+21.44130U°%-145.730390U°+241.77972U*-128.845!:

11



H W ,?‘p/ Load Line

W=dimension from load line to
specimen back face.

=uncracked ligament.
}4— a—>|
a=crack length measured from

b "l load line.

a) Compact Tension Specimen

Remote Tension T

L Remote Tension

b) Middle Crack Tension Specimen

Figure 1. Specimen configurations used in fracture toughness tests.

- W o
W=total specimen width.
a=crack length from
l 23 | 1.5 W, typ. specimen centerline.
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